A reduced level of anthracnose resistance was evident in largefruited breeding lines developed from the unadapted, small fruited, highly resistant L. esculentum accession USDA PI 272636 (Stommel and Haynes, 1998) . The objectives of the present study were to assess the genetic effects that contribute to C. coccodes resistance in PI 272636 and evaluate the potential loss of genetic resistance factors that may have occurred during development of elite breeding lines or cultivars.
Anthracnose is a serious disease of tomatoes (Lycopersicon esculentum) grown in North America for processing. It is endemic in production regions of the northeast and midwestern United States and south-central Canada Illman et al., 1959) . This tomato fruit rot disease is caused primarily by Colletotrichum coccodes (Wallr.) Hughes but can also be elicited by a number of other Colletotrichum sp. including C. dematium (Pers.) Grove and C. gloeosporioides (Penz.) Penz. and Sacc. in Penz. (Barksdale, 1972) . Rainfall, warm temperatures, and high humidity which commonly occur at harvest favor disease development (Sanogo et al., 1997) . Genetic resistance to anthracnose is desirable because cultural techniques, which include fungicide application, crop rotation, and elimination of alternate hosts, provide incomplete protection from this fungal fruit rot pathogen (Byrne et al., 1997; Dillard and Cobb, 1998) .
High levels of genetic resistance to anthracnose exist in wild or unadapted tomato germplasm, but this resistance has been difficult to transfer into elite materials with an intensity equal to that observed in the wild donor parent (Barksdale and Stoner, 1975; Stommel and Haynes, 1998) . Breeding lines with moderate levels of anthracnose resistance have been developed by the U.S. Department of Agriculture (USDA), and commercial cultivars with varying but lesser levels of resistance are available (Byrne et al., 1997; Stevenson et al., 1978) . Difficulty in transferring the high level of resistance observed in small-fruited germplasm to commercial type lines may be attributed in part to the occurrence of multiple genetic factors, each with a relatively small effect, which influence resistance. Previous studies of anthracnose resistance in tomato demonstrated a polygenic mode of inheritance (Ng et al., 1990; Robbins and Angel, 1970a; Stommel and Haynes, 1998) .
is shown in Table 1 . Five fruit from each plant of the respective generations within each cross were harvested at the red-ripe stage of development before inoculation with C. coccodes for evaluation of anthracnose resistance. Fruit fresh weights were recorded before inoculation for determination of correlations between lesion diameter and fruit weight.
INOCULATION AND DISEASE EVALUATION. Ripe fruit were placed on shaded greenhouse benches the day of harvest and inoculated by placing a droplet of C. coccodes inoculum suspension (5 × 10 6 conidia /mL) on the fruit and puncturing through the droplet with a needle to a depth of ≈2 mm (Barksdale and Koch, 1969; Robbins and Angell, 1970b) . Culture maintenance and inoculum preparation have been described (Stommel and Haynes, 1998) . Control fruit were inoculated with distilled water. Daytime greenhouse temperatures of 28 ± 4 °C and a minimum nighttime temperature of 18 °C were maintained. Six days after inoculation, fruit lesion diameters (mm) were measured.
GENETIC ANALYSIS OF GENE ACTION. Two methods of analysis were utilized to evaluate gene action in the respective crosses. The first method utilized generation means analysis as described by Mather and Jinks (1982) . Best fit models were developed to describe the genetic components influencing anthracnose resistance. Lesion size and three separate transformations of lesion size (logarithm, natural logarithm, and square root) were evaluated in the analysis. The nontransformed lesion size analysis is reported because it produced the largest R 2 values in the best-fit models and the lowest sum of squared residuals in comparison to the transformed data. Generation means and their expectations were weighted by the inverse of the variances of the population means. The six generations available for each cross enabled testing of models with up to five parameters for estimation of additive [d] Mather and Jinks (1982) , the simplest model that fit the data was accepted, based on a chi-square test with P > 0.05, despite the possibility that a more complex model exhibited a lower chi-square or higher probability.
The second method of analysis used to describe gene action involved comparison of observed F 2 means and theoretical arithmetic and geometric F 2 means in the respective crosses (Burton, 1951) . Theoretical arithmetic and geometric F 2 means were calculated using the formula: Theoretical arithmetic F 2 mean = [P 1 + 2F 1 + P 2 ]/4 Theoretical geometric F 2 mean = antilogarithm {[log P 1 + 2 log F 1 + log P 2 ]/4} where P 1 , P 2 , and F 1 = mean of P 1 , P 2 and F 1 generation, respectively. Agreement between observed and theoretical arithmetic F 2 means suggests additive gene action. Agreement between observed and theoretical geometric F 2 means is indicative of nonadditive gene action.
The degree of dominance (h) for genetic factors which influenced anthracnose resistance was calculated using the formulas described by Petr and Frey (1966) and Kotecha and Zimmerman (1978) :
where F 1 and F 2 = means of F 1 and F 2 generations, mp = midparent mean, and hp = high parent mean. Table 1 . Anthracnose lesion diameters (mean ± SE), fruit weights (mean ± SE), and correlation coefficients (r) between lesion size and tomato fruit weight in parental, F 1 , F 2 , and backcross generations from the Lycopersicon esculentum cross US28 x 115-4, 625-3, and 88B147, respectively. HERITABILITY AND GENE NUMBER. Broad sense heritability estimates (H) were calculated as the ratio of the genotypic variance over the phenotypic variance of the F 2 generation (Globerson et al., 1987; Kotecha and Zimmerman, 1978) :
Narrow sense heritability (h 2 ) was estimated using F 2 and backcross generation variance components as described by Mather (1949) and Warner (1952) :
For broad and narrow sense heritability formulas, V P1 , V P2 , V F1 , V F2 = variance of P 1 (US28; susceptible parent), P 2 (115-4, 625-3, or 88B147; respective resistant parents), F 1 , and F 2 generations, respectively. V B1 and V B2 = variance of the F 1 backcrossed to P 1 and P 2 , respectively.
An estimate of the number of genetic factors (n) segregating for anthracnose resistance in F 2 and backcross generations of the respective mating series was estimated using the formulas derived by Wright (1968) : Petr and Frey (1966) and Kotecha and Zimmerman (1978) , respectively. y Minimum number of genetic factors (n) segregating for anthracnose resistance in F 2 and backcross populations estimated according to the formulas of Wright (1968) . , and backcross plants (BCP1 and BCP2) from the cross of (A) US28 x 115-4, (B) US28 x 625-3, and (C) US28 x 88B147; (P1, susceptible parent = US28; P2, resistant parent = 115-4, 625-3, and 88B147, respectively).
]} where h = (F 1 -P 2 )/(P 1 -P 2 ). P 1 , P 2 , V P1 , V P2 , V F1 , V B1 , V F2 are defined above.
Results

DISEASE RESPONSE.
Anthracnose lesions on inoculated fruit of line 115-4 had a mean diameter of 1.4 mm (Table 1, Fig. 1 ). Plants exhibited wild growth habit, namely small fruit produced on large, indeterminate plants. Line 625-3 produced fruit intermediate in size to 115-4 and 88B147 and exhibited indeterminate plant habit. Lesions on inoculated fruit of 625-3 were larger than those observed on 115-4 but still quite small relative to the susceptible cultivar US28 (Table 1, Fig. 1 ). Line 88B147 was compact, determinate in plant habit, and produced larger fruit relative to those described for 115-4 and 625-3. Anthracnose lesions observed on 88B147 were considerably larger than those on fruit of 115-4 and 625-3 (Table 1 , Fig. 1 ). Correlations between fruit size and lesion diameter were small and generally nonsignificant in F 1 , F 2 , and backcross generations of the three populations developed (Table 1) .
HERITABILITY. Broad sense heritability values (H) for anthracnose resistance were moderate in value for populations developed from crosses with the two more resistant parents, 115-4 and 625-3, and lower in the population that originated from the cross between the comparatively less resistant parent 88B147 and US28 (Table 2) . Narrow sense heritability (h 2 ) values declined with decreasing degree of anthracnose resistance in the resistant parent used to develop each of the three populations (Table 2) . Narrow sense heritability declined nearly 50% in the US28 x 88B147 cross relative to the US28 x 115-4 cross.
GENETIC EFFECTS. Two methods of analysis were utilized to evaluate gene action for anthracnose resistance in the three populations developed. The first method, generation means analysis, produced a range of genetic models that described additive and dominance effects and digenic interactions ( for the respective populations and decreased the precision with which additive and dominance effects were estimated as evidenced by increased error variance. In five parameter models with two interaction components, error variances were reduced relative to the additive dominance models and higher chi-square probabilities were generally observed, but improvement of R 2 estimates were minor, with the exception of populations from the US28 x 88B147 mating series.
A second method to study the nature of genetic effects described by Burton (1951) compared theoretical arithmetic and geometric means with the observed F 2 means. Close agreement between observed and calculated arithmetic means suggested that additive gene action influenced anthracnose resistance. Observed F 2 means for anthracnose lesion diameter were also in good agreement with calculated geometric F 2 means, suggesting that nonadditive effects also contributed to the observed variation. Consistent with the genetic effects derived using the joint scaling tests of Mather and Jinks (1982) , estimates for the degree of dominance were small. GENE NUMBER. The F 2 and backcross generations of the three mating series exhibited continuous distributions for fruit lesion diameter (Fig. 1) . In the absence of a large environmental influence on lesion size, the frequency distributions suggested multigenic control of anthracnose resistance. The number of loci or effective factors (n) influencing anthracnose resistance in backcross populations were consistently greater than those estimated in F 2 populations ( Table 2 ). The number of genetic factors segregating for anthracnose resistance ranged from a high of 3.3 in the backcross population developed from a cross with the highly resistant, but unadapted, line 115-4 and decreased to a low of 0.6 in the F 2 population developed from a cross with the advanced large fruited 
Discussion
Measurement of anthracnose lesion diameters clearly demonstrated increasing susceptibility to anthracnose with increasing adaptation of the lines for commercial use and the degree of departure from line 115-4. Close linkage between genes which influence advantageous traits of interest such as crop quality components or disease resistance and genes with negative horticultural influences such as decreased yield or small fruit size often hinder transfer of beneficial characters to elite breeding materials and cultivars with the intensity with which they are expressed in unadapted donor parents. The difficulty experienced in transferring high levels of anthracnose resistance from small-fruited PI lines to large fruited materials suggested a possible linkage between anthracnose resistance and fruit size. In previous studies which attempted to introgress anthracnose resistance from highly resistant, smallfruited accessions into large-fruited genotypes, fruit size in advanced generations was noted to stabilize at a smaller than desirable commercial size while the level of resistance was considerably less than that observed in the resistant donor parent (Barksdale and Stoner, 1975) . In the present study, little or no relationship was observed between fruit size and lesion diameter in the respective populations, suggesting that high levels of anthracnose resistance could be transferred to large-fruited lines.
As expected, broad sense heritability estimates were greater than estimates of narrow sense heritability. The moderate broad sense heritability estimates for anthracnose resistance obtained in populations developed from crosses with the two more resistant lines, 115-4 and 625-3, suggested that good progress could be made in a program to transfer resistance genes. Lower heritability estimates for anthracnose resistance in the population developed from a cross with the large fruited breeding line 88B147 are indicative of the lower level of resistance present in this line. Narrow sense heritability estimates demonstrated that additive genetic effects contributed to the observed resistance. Narrow sense heritability estimates declined coincident with increasing horticultural adaptedness and susceptibility to C. coccodes in these populations, suggesting a loss of additive effects and/or increase of epistatic effects. These heritability estimates for resistance to C. coccodes are in agreement with those reported for resistance to anthracnose caused by C. dematium (Ng et al., 1990) . Although replication over different environments may reduce potential bias in these heritability estimates, a previous study demonstrated that lesion size among tomato genotypes with low to moderate levels of anthracnose resistance varied across years, but relative genotype rankings remained the same and year as well as genotype × year interactions were nonsignificant (Stommel and Haynes, 1998) . Because different samples of annual plants must be used in different environments, Warner's estimate of narrow sense heritability does not limit potential environmental bias (Nyquist, 1991) .
Genetic models of varying complexity were evaluated to assess the genetic effects contributing to anthracnose resistance. Using the criteria of Mather and Jinks (1982) , a simple additive dominance model, m [d] [h], was chosen as the best fit model for populations developed from crosses of lines 115-4, 625-3, and 88B147 with the susceptible cultivar US28. Genetic variance for anthracnose resistance derived from PI 272636 was primarily additive. Nonsignificant additive genetic effects in the US28 x 88B147 series may be attributed to sampling error which negatively affects the precision with which small genetic effects are estimated (Cassol and St. Clair, 1994) .
Evaluation of genetic effects by comparison of observed and theoretical F 2 generation means (Burton, 1951) demonstrated that additive effects contributed to the observed genetic variation for anthracnose resistance. This is consistent with results of the joint scaling tests. In contrast with joint scaling tests, F 2 means comparison also suggested that nonadditive effects may be important. We may consider the latter means comparison test to be a less rigorous evaluation of genetic effects since it relies on a simple comparison of observed and calculated F 2 means. The potential contribution of nonadditive effects in this germplasm for anthracnose resistance cannot be entirely discounted, however. Genetic variance for C. coccodes resistance in tomato derived from L. pimpinellifolium (Jusl.) Mill. was reported to be primarily nonadditive (Robbins and Angell, 1970a) . Resistance to C. dematium was best explained by additive effects, although dominance and epistatic effects were also present (Ng et al., 1990) . Identification of molecular markers linked to loci with digenic or higher order interactions in our populations may justify a more complex model to explain gene action.
The formulas described by Petr and Frey (1966) and Kotecha and Zimmerman (1978) provide an estimate of the overall phenotypic degree of dominance, but are not informative regarding individual loci which contribute to a quantitatively inherited trait. Even when individual genes exhibit pronounced dominance, if their directions of dominance differ, the observed degree of dominance may be small or even zero.
Additive effects [d] decreased with increasing anthracnose susceptibility and the relative stage of advancement for commercial use of the resistant parent. Similarly, estimates of gene number or effective factors which contributed to anthracnose resistance declined with increasing anthracnose susceptibility and commercial adaptation of the resistant parent. The accuracy of these estimates of the number of loci or effective factors which influence a trait rely on the assumptions that there is no nonallelic interaction, parents are at opposite phenotypic extremes, all loci make equal contributions, and linkage between genes is absent (Wright, 1968) . Violation of any of these assumptions results in an underestimation of n. The assumption that all loci make equal contributions to the phenotype is quite improbable. Likewise, because varying degrees of linkage between loci influencing resistance cannot be discounted, the estimates obtained herein reflect minimum estimates of the number of loci or effective factors involved. The inbred-backcross method of estimating gene number has been regarded as a more precise method of estimating gene number (Mulitze and Baker, 1985) . It is probable that the inbred-backcross method, however, also underestimates gene number (Rau et al., 1994) . The puncture inoculation technique utilized in the present study to evaluate anthracnose resistance may be severe enough to overcome resistance loci with small effects, resulting in their exclusion from the estimate. Nonwounding inoculation techniques for evaluation of anthracnose resistance are less severe relative to the puncture inoculation technique and result in slower growing lesions in lines with lower levels of resistance, such as 88B147. Although less reliable, nonwounding inoculation techniques, together with management of environmental effects, may provide a means to recover loci with small effects.
Estimates of narrow sense heritability, the degree of dominance and number of effective factors, together with the best fit genetic models and F 2 means comparison, provide evidence of a loss of additive effects for anthracnose resistance with increasing adaptedness and anthracnose susceptibility of the resistant parent.
The contribution of additive effects to anthracnose resistance suggests that high levels of resistance may be attainable in adapted lines if individual genes which influence resistance can be combined in inbred backcross and pedigree breeding programs. Progress in combining resistance loci would be maximized by minimizing the influence of potential epistatic effects which might occur in the respective populations. Intermating of resistant early generation selections may permit recombination of desirable resistance genes and maximize subsequent breeding progress in developing resistant lines.
